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Abstract

Fe/Ct/Fe trilayers and (Fe/Cr)yy multilayers prepared under ultrahigh vacuum
conditions by thermal evaporation were irradiated with 200 MeV I'*" jons in the fluence
range between 1 x 10''— 8 x 10'? ions/cm®. The structural properties of the Fe/Cr/Fe trilayers
and (Fe/Cr)y multilayers were measured by X ray reflectivity (XRR) and conversion electron
Mossbauer Spectroscopy (CEMS). Magnetic exchange coupling between the Fe layers
through the Cr spacer layer was observed by SQUID magnetization measurements.
Magnetoresistance effect was measured using four probe method at room temperature.
The XRR spectra showed an increase of the interface roughness versus increasing irradiation
fluence in the multilayers, while in the trilayers smoothening of the interfaces in the sample
irradiated with fluence equal to 4 x 10" I/cm® and very slight change for other fluences were
observed. Improving of the interface structure in the trilayers at this fluence was observed

also by CEMS. Moreover the Mossbauer spectra also confirm roughening of the interfaces as
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a function of fluence for multilayers. Before irradiation an antiferromagnetic coupling
fraction dominated in all samples. After irradiation the changes of magnetic coupling were
different in both types of samples. The trilayers were less sensitive to the irradiation fluence
than multilayers and an increase of the antiferromagnetic fraction at small fluences was
observed. In the multilayers a continuous decrease of the antiferromagnetic fraction as a
function of fluence was evidenced. Vanishing of the antiferromagnetic coupling, observed for
the largest fluence, resulted in the decrease of magnetoresistance effect in the Fe/Cr

multilayers.

Introduction

The multilayer systems like Fe/Cr, in which GMR (Giant Magnetoresistance) effect is
observed, play an important role in magnetic storage devices. A proper functioning of
magnetic multilayers depends strongly on the structural and magnetic properties of the
materials. Reported experimental results describing the influence of the interface structure on
the GMR value are inconsistent. Some of them show that GMR increases with the increasing
interfacial roughness [1] contradicting other reports showing the opposite effect [2].
Nevertheless the correlation of GMR with the roughness is observed and is generally
attributed to the variation of the interlayer coupling and in the spin dependent scattering at
the interfaces [3]. Numerous papers concerning Fe/Cr systems deal with multilayers, in
which the contribution of many layers and interfaces involves final material properties. The
Fe/Cr/Fe trilayers is an elementary system consisting of two ferromagnetic films coupled
through the non-magnetic spacer. In such a simple system the number of layers and interfaces
is reduced but the magnetic structure is preserved, so the analysis of trilayers can be useful

for studying the structural and magnetic properties of more complicated multilayers systems.
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In this paper the studies of the magnetic and the structural properties of the Fe/Cr/Fe

trilayers and (Fe/Cr)yo multilayers modified by swift heavy ion irradiation are presented.

Experiment

The Fe/Cr/Fe trilayers and Fe/Cr multilayers were prepared on Si(100) substrates by
thermal deposition in ultrahigh vacuum system with the base pressure of 10® Pa. The Si
single crystal covered with native SiO, were ultrasonically cleaned and then heated during 1
hour at 700 K at pressure below 10° Pa. The substrate purity was controlled by Auger
Electron Spectroscopy (AES). During the deposition process the layer thickness and
evaporation rate were controlled by a quartz microbalance. All samples were prepared at
room temperature on 10 nm of Cr buffer layer and covered by 5 nm or 2 nm Cr cap layer for
trilayers and multilayers, respectively. In all samples the thickness of Fe layers was equal to 2
nm whereas the Cr spacer thickness was equal to 1.2 nm which corresponds to the first
antiferromagnetic maximum in the exchange coupling between Fe layers through Cr layer
[4]. The evaporation rates changed from 0.6 nm/min to 1 nm/min for Cr and Fe, respectively.
The measurements of structural, magnetic and magnetotransport properties were performed
ex-situ. The sample structure was investigated by-X-Ray Reflectometry (XRR) using a
Philips X’Pert MRD Pro diffractometer. Cu Ky radiation operated at 40 kV and 30mA was
converted to a parallel beam by an X-ray lens with the aperture diameter of approximately 5
mm. The size of the beam was restricted by crossed slits to 10 mm x 5 mm. All XRR
measurements were performed in coplanar geometry with specular 820 (Q,) reflectivity
scans. The XRR spectra were fitted using X’Pert Reflectivity software. Additionally the
structure of layers and interfaces were analyzed basing on conversion electron Mossbauer
spectroscopy (CEMS). All Mossbauer measurements were performed at room temperature

with 100 mCi Co(Rh) source using He-10% CHjy4 gas flow electron counter. The Mossbauer
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spectra were fitted using Voight-based method of Rancourt and Ping [5] as a sum of
Gaussian components for the hyperfine magnetic field (Byg), isomer shift (IS) and quadrupole
splitting (QS) distributions. The magnetic measurements were performed using SQUID
magnetometer. Magnetoresistance was measured at room temperature using standard four
probe technique in transversal geometry in an external field up to 1 Tesla. Irradiation
experiments were performed at room temperature at the Vivitron in IReS in Strasbourg using
200 MeV 1" ions and the a fluence range from 1 x 10" ions/cm’® to 8 x 10'! ions/cm?. The
projected range of 200 MeV 1 ions is equal to 7 um [TRIM-95], what is much bigger than

total thickness of multilayers (about 80 nm), therefore I ions were implanted in the substrate.

Results and discussion

The structure of Fe/Cr/Fe trilayers and Fe/Cr multilayers modified by 200 MeV iodine
ion irradiation was analyzed by the CEMS and XRR studies. In figures 1a and 1b Mdssbauer
spectra (with component fraction insets) measured for as - deposited (Fig. 1a) and irradiated
with fluence 4 x 10" I/cm® (Fig. 1b) trilayers are presented. Detailed analysis of components
of the spectra was described in the previous paper [6]. The individual components correspond
to the Fe sites with different number of Cr atoms which appear in the first or second
coordination shell. Assuming very simple model one can estimate the roughness of the
interfaces. 2 nm Fe layer (~14 atomic layers) with perfectly smooth interfaces should have
three components: 33 T (bulk - like component in the middle of layer), 30 T (is the second Fe
layer counting from Cr) and ~22 T (layer directly at the interfaces) with fractions equal to
70%, 15% and 15%, respectively. As it is seen on the inset for as - deposited sample (Fig. 1a)
the fraction of bulk like component is of about 55%, the fractions of 30 T and 22 T
components are a little bit larger than 15% and there is also the smallest field component

which is related to the Fe atoms which diffused far into the Cr layer and have only Cr atoms
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in the first and second coordination shells. The component fractions differ from an ideal case
with perfect, smooth interfaces; the real interfaces spread over 4 - 5 atomic layers taking into
account about 5 % of Fe atoms which diffused into Cr layers. After irradiation with fluence
of 4 x 10" iodine ions/cm?, increase of the bulk - like component fraction and decrease of
smaller field component fractions were observed (Fig. 1b). It means that after irradiation with
this fluence interfaces became smoother and the Fe atoms spread over 3 atomic layers at the
interfaces. Larger value of the smallest field component as compared with as - deposited
sample indicates that the Fe atoms diffused just a little into the Cr layers and still have some
Fe atoms in close surroundings. In figures 1c and 1d XRR spectra measured for as -
deposited (Fig. 1c) and irradiated with the same fluence (4 x 10" I/cm®) trilayers (Fig. 1d)
were shown along with the fits. The spectra are very similar apart from the small shift of the
maxima towards higher angles in the irradiated sample which can suggest decrease of the
layer thickness. The fits confirmed the small decrease of layer thickness in irradiated sample
verifying the decrease of interface roughness. Mean values of the interface roughness
obtained from the fits were equal to 0.7+0.8 nm (5 — 5.5 atomic layers) for as — deposited and
0.4+0.5 nm (3 atomic layers) for irradiated sample which very well corresponds to the results
taken from the Mossbauer measurements and confirms smoothening of interfaces after
irradiation with this fluence. The CEMS and XRR spectra measured for the trilayers
irradiated with other fluences were very similar to the spectrum for as - deposited sample.
The interface roughness estimated from the Mossbauer measurements and XRR fits is close
to the values for the non irradiated sample.

In figure 2 the CEMS and XRR spectra for as - deposited and irradiated multilayers
are presented. The Mossbauer spectrum taken for as - deposited multilayers (Fig. 2a) is
similar to the spectrum of the as - deposited trilayers. A small decrease of bulk - like

component fraction and increase of 23 T and 30 T component fractions indicates roughening
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of the interfaces as compared with the trilayers. This can be attributed to the accumulation of
defects during deposition of subsequent Fe and Cr layers, therefore one can expect smoother
interfaces at the beginning of multilayers and rougher at the end. After irradiation with the
fluence 4 x 10" I/cm® (Fig. 2b), the fractions of small field components increase while the
fraction of bulk - like components decrease, which is an evidence of roughening of the
interfaces. The Fe atoms spread over 6 atomic layers at interfaces in as - deposited sample
and over 8 atomic layers at the interfaces in irradiated sample. In figures 2c and 2d the XRR
spectra measured for as - deposited and irradiated (4 x 10'" I/cm?) multilayers are shown. In
the pattern measured before irradiation Kiessig fringes and Bragg peak are seen. After
irradiation fringes vanished in contrary to the Bragg peak which is well-resolved but shifted
towards smaller angle. Vanishing of the fringes indicates that the interface roughness
increased after irradiation. The different positions of the Bragg peaks (at 1.2° and 1.4°) are
assigned to two different bilayer periods. The Bragg peak at 1.4° comes from nominal
periodicity of the multilayers (3.2 nm), whereas the peak around 1.2°, with periodicity equal
to 3.7 nm, may correspond to the lattice with larger interface roughness (irradiated sample).
Such superlattice should also appear for larger number of repetitions when the amount of
defects increases. It means that the small angle peak should be visible also before irradiation.
When we look at the as - deposited sample one can see slightly visible one slope of this peak
hidden in the background. The intensity of this peak increases after irradiation but at the same
time the intensity of the peak corresponding to the nominal periodicity decreases. Therefore
after irradiation the interface roughnesses increased and caused the increase of the bilayer
periodicity. Values of the interface roughness obtained from the fits are equal to 0.9 nm (~ 6
atomic layers) and 1.2 nm (~ 8 atomic layers) for as - deposited and irradiated samples,
respectively. As in the case of the trilayers interface roughness obtained from the XRR fits

corresponds very well with the results of the CEMS measurements. In the case of multilayers
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the roughness on the Cr was about 60% smaller than the roughness on the Fe layers, which is
in agreement with the known asymmetry of the Fe/Cr and Cr/Fe interfaces [7, 8, 9]. Basing
on the CEMS and XRR spectra, the multilayers irradiated with other fluences can be divided
into two groups: samples irradiated with small fluences are similar to as - deposited sample,
and those irradiated with larger fluences are similar to the sample irradiated with fluence 4 x
10" Iem®.

The magnetic exchange coupling between the Fe layers through Cr spacer layer was
observed in the trilayers and multilayers basing on the hysteresis loops obtained from SQUID
magnetometer. In figure 3 exampled loops measured for the trilayers and multilayers are
shown. The evolution of the shapes and values of remanence versus ion fluence was seen. In
the trilayers at small fluences the remanence value is smaller than in as - deposited sample
indicating the increase of the antiferromagnetic coupling fraction. For fluence equal to 4 x
10" I/em?, for which smoothening of the interfaces was observed the fraction of the
antiferromagnetic coupling is a little bit larger than for the as - deposited sample. At larger
fluences the remanence value increased. In the multilayers with increasing irradiation fluence
the curves became more square — the loops looked typical of ferromagnetic arrangement of
magnetic layers and the remanence value increased reflecting a decrease of the
antiferromagnetic coupling fraction. The fraction of the antiferromagnetic coupling
calculated form hysteresis loops (1- (Rm/Msat)) for the tri- and multilayers versus irradiation
fluence are shown in figure 4. The changes of the magnetic coupling were different for the
trilayers and multilayers. Trilayers are noticeably less sensitive to the irradiation as compared
with multilayers in which, even for the smallest fluence, strong variation of the remanence
was observed. Additionally in the trilayers non monotonic dependence with increasing ion
fluence was seen. The fraction of an antiferromagnetic coupling increased for small fluences

and reached 0 value of remanence (1x 10'" I/cm?) then for larger fluences decreased
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(remanence value increased). In the multilayers continuous decrease of the antiferromagnetic
fraction as a function of fluence was observed. For the largest used fluence the fraction of
antiferromagnetic coupling almost vanished in the multilayers, while in trilayers nearly 80%
of sample still remained coupled antiferromagneticlly.

The giantmagnetoresistance, i.e. the maximum change of the resistivity related to
resistance value at saturation field, is shown in figure 5. An initial decrease of
magnetoresistance followed by a plateau and a further decrease of magnetoresistance with
increasing irradiation fluence was observed. Moreover the variation of the shape of
magnetoresistance curves is shown in insets of figure 5. After irradiation the curves became
more sharped but are saturated at the same field. Such changes in the shape are observed
when antiferromagnetic coupling gets broken. The decrease of magnetoresistance versus
irradiation fluence did not reflect exactly the continuous decrease of antiferromagnetic
fraction what can suggest that not only the magnetic coupling but also the interface structure
has an influence on the GMR effect.

Calculations showing the influence of 200 MeV iodine irradiation on the Fe and Cr
layers using thermal spike model [10] (in equilibrium charge state) were performed. This
model assumes that energy deposited by ions expands itself within the electron gas and it is
transferred to the atomic lattice by electron-phonon interactions inducing an increase of
lattice temperature. The ion track, defined as a cylindrical volume in which the melting
temperature is surpassed, is calculated as a function of time. The calculation showed that 200
MeV 1 ions formed 2.5 nm track radius in Fe layers while in the Cr layer the melting
temperature was not reached. Taking into account the maximal irradiation fluence used in the
experiment and track radius created in Fe, the estimation of the melting volume for the
largest fluence was performed. This value is equal about 15%, what means that during

irradiation 15 % of Fe layer was at liquid state at the same time the temperature around ion
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track in Cr layers was equal about 2070 K (melting temperature of Cr is equal 2148 K). That
can be one of the reasons for larger roughening on Fe layer. The calculation can be applied to
the multilayers, but not for the trilayers for which equilibrium charge state is not reach [11].
It means that the irradiation conditions are not the same for the trilayers and multilayers
because of differences in charge state which influence on electronic energy loss. Usually the
electronic energy loss is proportional to the square of the incident charge state, and in the
trilayers electronic energy loss is twice smaller as compared with multilayers. Therefore the
energy deposited in the trilayers is smaller than in multilayers what can be dominant reason
of smaller sensitivity of trilayers to ion irradiation.

Different behavior of the Fe/Cr/Fe trilayers and (Fe/Cr)o multilayers observed under
iodine ion irradiation was observed also for Au ion irradiations (in print) and can be also
attributed to the various initial interface structure of the trilayers and multilayers. As it was
shown basing on the CEMS and XRR measurements the structure of the Fe/Cr/Fe trilayers is
better ordered than the structure of Fe/Cr multilayers. Smoothening observed for the trilayers
could be explained taking into account the limited solubility of bulk Fe and Cr materials and
assuming similar limited solubility of thin films, which could cause the tendency of the Fe
and Cr atoms for the segregation. The reason that the smoothening was only observed in the
trilayers could their initially smoother interfaces and smaller electronic energy loss. The
increase of interface roughness in the multilayers and appearance of a new lattice parameter,
not corresponding to the first antiferromagnetic maximum, can be dominant cause for the

strong magnetic and magnetotransport modification of the multilayers.

Conclusions
The effect of 200 MeV I"" ion irradiation on the Fe/Cr/Fe trilayers and (Fe/Cr)y

multilayers has been studied. In the trilayers smoothening of the interfaces at fluence equal to
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4 x 10" I/em® and very slight changes for other fluences were observed. The fraction of an
antiferromagnetic coupling increased at small fluences and decreased at larger ones. In the
multilayers increase of the interface roughnesses and of the layer thickness after irradiation
with larger fluences was seen. The fraction of antiferromagnetic coupling and

magnetoresistance effect decreased versus increasing irradiation fluence.
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Figure legends:

Fig. 1.

CEMS spectra with corresponding By component fractions and XRR spectra measured for
Fe/Cr/Fe trilayers before and after 200 MeV I ions irradiation with fluence equal to 4 x 10"
ions/cm?.

Fig. 2.

CEMS spectra with corresponding By component fractions and XRR spectra measured for
(Fe/Cr)zo multilayers before and after 200 MeV 1 ions irradiation with fluence equal to 4 x
10" jons/cm’.

Fig. 3.

Hysteresis loops measured by SQUID for Fe/Cr/Fe trilayers (left column) and (Fe/Cr)y
multilayers (right column) shown with increasing 200 MeV 1 ions fluence: a) as - deposited,
b) 2 x 10" ions/cm?, ¢) 4 x 10" ions/cm”.

Fig. 4.

Fraction of antiferromagnetic coupling for Fe/Cr/Fe trilayers and (Fe/Cr);o multilayers as a
function of ion fluence, determined from SQUID measurements. The broken line is a guide
the eye.

Fig. §.

Magnetoresistance (defined as a maximum change of the resistivity related to resistance
value at saturation field) shown for (Fe/Cr)y multilayers as a function of
200 MeV I ions fluence. The broken line is a guide the eye.



hal-00256380, version 1 - 14 Jul 2008

12

100
80 1
60 §-
40 |
20§
0 as deposited
09 218 297 327
B[T]
0
c
= |
0
[&]
ks
@
it
=
=
c
fitting
°  experimental
a)
C
T T T T T T T T T )
-10 -8 -6 -4 -2 0 2 4 6 8 10
velocity [mm/s] =
i E Y as deposited
z |d)
80 2
[
c
60 4- -
40
20
; 4 x 10" jons/cm?
! 4 x 10" jonsfcm?
39 221 296 333
B[T]
4
c
j
]
O i
&
€] T T T T T T T T T
o) 0,2 04 0,6 0.8 1,0 12 14 1,6 18 2,0
0
g | 6 [deg]
| o=
- ]
-’q-:‘.:d
T T T T T T T T
-10 -8 -6 -4 -2 0 2 4 6 8 10

velocity [mm/s]

Fig. 1.



component fractions [%]

component fractions [%]

version 1 - 14 Jul 2008

hal-00256380,

number of counts

=]
(s]

80

60

40

o

number of counts

9.1 231 298 327

B[T]

as deposited

-10 10
velocity [mm/s]
4x 10" ions/om?
59 223 292 324
B[N
T T T T T T T T T
10 -8 6 4 2 0 2 4 6 8 10

Fig. 2.

velocity [mm/s]

13

3 fitting

C) o experimental
EN
g
S, .
— as deposited
B
‘n
[ o
2
=

4x 10" ions/em?
T T T T T T T T
0,2 0,4 0,6 0,8 1,0 1,2 1.4 1,6 1.8 2,0
6 [deg]



hal-00256380, version 1 - 14 Jul 2008

14

Fe/Cr/Fe
(FelCr)x 20
10 - 10
as deposited as deposited
0,5 0,5
= T
0 '}
é o0 é 00
= =
0,5 05
a d
1,0 40 |
150 -100 -50 0 50 100 150 450 100 50 0 50 100 150
10 A0
2% 1011 ions/em? 2x 10 ionsicm?2
05 0.5
% L
% 00 é 0,0
S =
i 05
a0 A0 |
150 100 -50 0 50 100 150 W8 A S B S YW B
1,0 10
4x 10 jonsiem? 4x 1011 ions/em2
05 05
Eol w©
o0
= 00 g 00
= =
05 05
-1,0 -10
450 100 B0 0 50 100 150 "450 00 80 0 50 100
H [kA/m] H [kA/m]

Fig. 3.



hal-00256380, version 1 - 14 Jul 2008

1- (Rm/Msat)

Fig. 4.

15

1.0l &

g A Fe/CrFe
09
: -k (Fe/Cr)x 20
084 -
ok
0,7 --._
0.6 A
0,5 L
| .
0.4 4
m
0‘3 T T T
0 4 6 8

fluence [1x 10" lodine ions/cm?]




hal-00256380, version 1 - 14 Jul 2008

16

18
E}? ) § 0.8 -Ul,ﬁ —UI,4 —UI,E U:U 0:2 0:4 U,Iﬁ 0.8
x m
¥
< 08 A
H
0,6 - J L §
04 - —_—
08 06 04 02 00 02 04 06 08
BT
0,2 T T T T
0 2 4 6 8
fluence [1 x10"" lodine ions/cm?]
Fig. §.



